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ABSTRACT
Oil circulating in the vapor compression system has a significant impact on the system performance. This paper
presents a method to calculate the oil retention and oil circulation ratio (OCR) based on oil flow parameters,
including oil film thickness and velocity, oil droplet size and velocity, and system mass flow rate. Oil flow
parameters are determined by visualization using high-speed camera and video processing program. The estimated
oil retention and oil circulation ratio results are compared with the experimental sampling results under different
compressor speed. The agreement between video results and sampling results verifies the accuracy of the optical
method, which can be applied in other annular-mist flow analysis. It also shows that most of the oil exists in film by
mass while oil droplets contributes more to the oil mass flow rate because oil droplets travel in a much higher speed.

1. INTRODUCTION
Oil presence in the vapor compression system ensures the lubrication of the compressor moving parts, evacuation of
the heat generated by frictions and sealing between the compression. Oil also affects the performance of the system
besides the compressor. Despite few researchers indicating small amount of lubricant has positive effect in some
cases on heat transfer (Nidegger et al., 1997)(Zürcher et al., 1998)(Kim and Hrnjak, 2012)(Hrnjak and Kim 2013),
refrigerant distribution or capacity (Li and Hrnjak, 2014) (Li and Hrnjak, 2015), adverse effects of oil on system
performance has been identified by many other researchers (McMullan et al.,1992)(DeAngelis and Hrnjak,
2005a)(DeAngelis and Hrnjak, 2005b).
The origin of oil circulating in the system is the compressor so research on oil flow starts with the compressor
discharge. Toyama et al. (2006) concluded that oil flow inside scroll compressor is mainly mist flow. The mean
diameter of the oil droplets decreases as the flow speed of the refrigerant gas increases. Zimmerman and Hrnjak
(2014) showed with visualization that the form of the flow in the compressor plenum is misty. Oil enters the
discharge chamber during the opening and closing process of the discharge valve. Therefore, discharge valve is the
gateway for the oil to leave the compressor. Wujek and Hrnjak (2011) showed the form of the oil-refrigerant flow is
developing mist-annular flow in the compressor discharge tube. The oil mist generated by the periodic movement of
the discharge valve flows to the discharge tube. Oil droplets may collide, coalesce or splash during the process and
then part of oil is entrained by the high gas flow rates. Therefore, annular mist flow in a horizontal tube consists of
two forms of oil: oil film spread around the inner wall and oil droplets in the vapor core.
With the importance of oil flow in the refrigeration systems, it raises the interest to develop different techniques to
quantify the oil flow parameters. Wada et al. (1992) used a novel approach to measure the in-line OCR based on the
ultra-violet light absorption behavior of the oil. Fukuta et al. (2004) used reflective index of oil-refrigerant mixture
to measure the oil concentration of the mixture. Peuker and Hrnjak (2010) presented three different techniques to
determine the oil distribution in the major components of a R134a automotive system.
Xu and Hrnjak (2016) measured the OCR in a non-invasive way based on the real-time images and videos of the
refrigerant-oil mixture in the compressor discharge tube of an automotive AC system. The main purpose of this
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research is quantifying the oil flow with developed visualization techniques and verifies the method by experimental
results for both swashplate compressor and scroll compressor. Furthermore, in order to ensure the reliability of
compressor and reduce the negative effect of oil on the system performance, it is important to separate the oil from
the refrigerant vapor and drain it back to the compressor. A better understanding of flow parameter of oil at the
compressor discharge can provide guidelines for oil separator design.

2. FACILITIES
Both scroll compressor (for residential systems) and swashplate compressor (for automotive systems) driven by
variable frequency drive motor are used as research objectives. PVE 32 oil is used for the scroll compressor while
PAG 46 is used for the swashplate compressor. The refrigerant used for both systems is R134a. As shown in Figure
1, two environmental chambers maintain the desired pressure and temperature conditions at condenser and
evaporator. In order to achieve different system mass flow rate as well as vapor velocity at compressor discharge,
the motor speed is varied from 1200~4000 rpm. The compressor pressure ratio is maintained the same (around 3)
through the experimental by varying the working condition at condenser and evaporator. The mass flow rate of the
system is measured by a Coriolis-effect flow meter.

Figure 1: Facilities for oil flow measurement in the compresor discharge tube
A section of perfluoroalkoxy alkane (PFA) tube is used as the transparent observation window at the discharge of
the compressor. The inner diameter of the PFA tube is 6 mm (1/4 inch) while the wall thickness is 1.5 mm (1/16
inch), which is the same as the copper tube size used for the compressors. For video capture, a Phantom high speed
camera is used to catch the flow image at the compressor discharge. An optical platform offers the precise
adjustment of horizontal and vertical position of the camera. The resolution of the position adjustment is 0.02 mm.
Halogen lamps are used for back-light of the video, which can offer enough brightness while prevent adding extra
heat to the flow.
To measure the oil retention by sampling, two valves are used to cut off the flow at a steady working condition. The
compressor was shut down at the same time as the two valves are closed. The section of transparent tube is then
taken out of the system and weighed by an analytical balance with a readability of 0.1 mg. Another refrigerant and
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oil mixture sample is taken in the liquid line (between condenser outlet and throttling valve) to measure the OCR.
Both oil retention and OCR sampling results are compared to the video results under the same working condition.

3. METHODS
3.1 Analysis of oil retention and OCR
Refrigerant-oil mixture flow in the compressor discharge tube is mist-annular flow (Wujek and Hrnjak, 2011). In
order to quantify the oil retention and OCR, oil droplets and oil film need to be considered separately. Oil retention
is a measurement of mass staying in a certain section while OCR is a measurement of mass flow rate circulating in
the system. The relation between these two parameters and different physical quantities are shown in Figure 2.

Figure 2: Annular-mist flow in compressor discharge tube and break-down of the contrubutions of film in annulus
and droplets in mist on oil retention and OCR
Oil retention in the form of the film can be calculated as

M film  ρoilV film  ρoil π ( D - δ )δL

(1)

Similarly, OCR contributed by the oil film can be calculated as

OCR film 

 ( D- )  u film
moil
 oil
moil  mref
moil  mref

(2)

where ρoil is the density of the oil, D is the inner diameter of the tube, δ is the average thickness of the oil film, L is
the length of the tube, ufilm is the average velocity of the oil film, ṁoil and ṁref are the mass flow rate of oil and mass
flow rate of refrigerant, respectively.
In the same way we can derivate the equations for oil retention and OCR in the form of droplets. Since the video
only represents a small part of the tube, the ratio of tube volume over video volume needs to be multiplied to the
droplet totally volume acquired by the video. For the video control volume, the projection area is easy to estimate
but the depth of focus Df, is determined by the method which will be discussed in 3.4. In short, the total volume of
droplets in the tube is the sum of the volume of each droplet; the total mass flow rate contributed by oil droplets is
the sum of the mass flow rate of each droplet.

M drop  oilVdrop ,video

2
2
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where d is the equivalent diameter of the droplets recognized by the video processing, udrop is the velocity of oil
droplets, Df is the depth of focus (will be discussed in 3.4), Avideo is the video projection area.
From equation (1)-(4), it can be concluded that we need determine the oil film thickness and velocity, oil droplet
diameter and velocity in order to calculate the oil retention and OCR from the video. The details of these
measurements will be discussed in the following sections.

3.2 Oil film thickness
Shedd and Newell (1998) used an optical method to determine the liquid film thickness of annular flow in a
horizontal tube. Xiao and Hrnjak (2015) used the same method to estimate the liquid film thickness for refrigerant
condensation in a horizontal tube. The method utilized the light reflected from the surface of a liquid film flowing
over a transparent wall to generate an image. The image can be processed to determine the position of reflected light
rays and calculate the film thickness without intruding into the tube.

Figure 3: Total reflection method for oil film thickness measurement in a round tube
As shown in Figure 3, a laser beam shoots to the transparent tube wall to generate an ellipse pattern. The ellipse
pattern is formed by the reflection and deflection of the laser on curved surfaces and oil-tube, oil-refrigerant
interfaces. A webcam provides the image of ellipse pattern. Numerical model shows that with oil film thickness
inside the tube getting larger, the size of the ellipse will grow almost linearly. The angle between the laser beam and
the camera can never be zero but the error caused by a small camera view angle can be neglected.
Calibration is necessary in order to get the correlation between the oil film thickness and the ellipse major axis. A
half tube is used to hold the oil whose film thickness is measured by a point tip micrometer. The difference between
a half tube and a full tube is negligible because the reflection and deflection from the upper part has a minor impact
on the image pattern. Therefore, the calibration result of a half tube is considered as the same with that of a full tube.
Multiple data points at different liquid level can fit into a linear curve. It is important to mention that the relative
error of oil film thickness measurement may be considerable when the thickness is very close to zero.
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Oil film circumferential distribution inside horizontal tube is considered to be uneven because of the effect of
gravity and surface tension. Hurlburt and Newell (2000) developed a model to predict the circumferential film
thickness distribution in horizontal annular gas-liquid flow. The model fits well with experimental results in our
case. The ratio between oil film thickness at different circumferential location and oil film thickness at bottom of the
tube is shown in Figure 4. Higher superficial gas velocity will lead to a more uniform film distribution. With a
relatively high superficial gas velocity in our case, it is reasonable to use the average of oil film thickness measured
at θ=0o, 60o, 120o, 180o to estimate the volume of oil film in the tube.

δ
θ
δ0

Figure 4: The circumferential distribution of oil film in the horizontal tube

3.3 Oil film velocity
From the video taken at the transparent tube, it is clearly shown that oil film with wavy pattern spread on the tube
inner wall and the discrete droplets in the vapor core.
In order to calculate the mass flow rate contributed by the oil film, the oil film average velocity needs to be
determined. Since the oil is viscous, the axial film velocity is not the same along the radical direction of the tube.
Hurlburt and Newell (2000) developed a model for horizontal annular flow to estimate the average velocity of the
liquid film by mass and momentum conservation. In this research, as shown in Figure 5, average axial velocity in
the film is a function of gas superficial velocity and oil film thickness. Therefore, the oil mass flow rate contributed
by the oil film can be calculated using equation (2).

uvs
uwave
δ

ufilm,avg
Film
Wall

u=0

Figure 5: Average oil film velocity given by annular mist flow model in the horizontal tube
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3.4 Oil droplets size measurement
From the same video taken at the discharge tube, the size and velocity of oil droplets in the vapor core can be
calculated from video processing. Wujek and Hrnjak (2011) developed a video processing program which can
eliminate the droplet image based based on the steepest grayscale gradient method.
The basic idea of the steepest grayscale gradient method is to determine the boundary of droplets by the sharp
grayscale transition. 8-bit grayscale allows 256 different color intensities which defines pure black as 0 while pure
white as 255. Therefore, one frame of the video can be converted to a matrix where each element represents the
pixel grayscale.
The grayscale gradient in a 2D picture is defined as
 G   G 
G  

 
 x   y 
2

2

(5)

For an image matrix shown in Figure 6, the value of grayscale is shown in each grid element. The boundary detected
by the video processing is where steepest grayscale gradient takes place (red line in Figure 7).
One of the limitations of grayscale gradient is that the video processing cannot tell if the droplet is in-focus or not.
As shown in Figure 6, if we adjust the distance between the camera and a known size particle, the image captured by
the camera will be blurry when it is too close to or too far away from the particle.

Figure 6: Droplet image matrix for boundary detection and droplet images under different camera-droplet distances

Figure 7: In-focus criteria defined by critical grayscale indicator GI*
Koh et al. (2001) used the grayscale gradient indicator (GI) to determine the in-focus criteria for a processed image
of a specific particle. Grayscale gradient indicator is defined as the local grayscale gradient divided by the difference
between maximum grayscale and minimum grayscale in the image.
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G
(Gmax  Gmin ) / 2x

(6)

Therefore, the steepest grayscale gradient of droplets in focus on the boundary will be higher than that of droplets
out of focus. In order to tell in-focus image from out-of-focus, GI* is defined as in-focus criteria. All the droplets
with boundary GI less than GI* are excluded out of the visualization control volume. In Figure 7, the blue and green
lines show the GI less than GI* which is considered as out-of-focus while the red line has a steeper gradient
represents in-focus. A pratical GI* value is given by Koh et al. (2001) as

GI *  GI max  0.22

(7)

The value of GI* could be adjusted according to the image quality. A higher GI* will include less in-focus droplets
with sharper boundaries.
With the in-focus criteria, we can estimate the depth of focus for different particles and build a correlation between
the particle size and depth of focus. The correlation is calibrated by four known size particles and compared with the
results in other literatures, as shown in Figure 8.

Figure 8: Correlation between depth of focus and droplet diameter
Since depth of focus is different for different particle diameters, Equation (3) and (4) can be rewritten as

M drop  oil
OCRdrop 

mdrop
moil  mref
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Vvideo

Vtube 

oilVdrop ,video
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 moil  mref  tdrop Vvideo 24(moil  mref ) Avideo

(8)
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(9)

In this way, a more precise estimation of total mass of oil droplets in the discharge tube can be achieved.

3.5 Oil droplets velocity
Wujek and Hrnjak(2011) developed a video processing method similar to the particle image velocimetry(PIV) in
order to determine the droplets moving velocity in axial direction. Oil droplets, instead of seeding particles, are used
directly to determine the velocity field of the gas core misty flow. Two images of the flow are taken in rapid
succession with a high speed camera to make sure the same droplets must appear in consecutive frames. The video
processing principle is shown in Figure 9 in the following steps:
1. Wave elimination by subtracting the average pixel value in period of time;
2. Droplet size determination with steepest grayscale gradient;
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3. Comparison of two consecutive images in small sections to interrogate potential displacement ;
4. Velocity determination with PIV algorithm.
Numerous erroneous velocity vectors will be generated throughout this process and the two-dimensional crosscorrelation can be used to screen out true velocity vectors.

Figure 9: Steps of video processing for droplet velocity

4. RESULTS
4.1 Oil retention
Figure 10(a) shows that oil film thickness gets thinner when gas velocity goes up because of the higher shear stress.
The mass of oil droplets gets higher because of the higher compressor speed.
If the oil retention in the form of droplets and that in the form of film are added together, we can compare the oil
retention measured by the video to sampling results, as shown in Figure 10(b). Although the uncertainty of oil
retention by video is relatively large because of thin film thickness and rough estimation of video control volume,
the results can still be compared to oil retention by sampling. It means the optical method is acceptable as a noninvasive way to measure the oil retention.
If we compare the results of the compressor without oil sump and the compressor with oil sump, it can be concluded
that from oil retention point of view, oil sump has a minor impact on the amount of oil in the compressor discharge
tube.

(b)
(a)
Figure 10: (a) Oil retention contributed by oil film or oil droplets in the discharge tube (b) Oil retention in the
discharge tube under different vapor superficial velocity (u vs) measured by both video and sample

4.2 Oil in circulation
Both OCR contributed by oil film or oil droplets gets larger, when the gas velocity goes up. This is because higher
compressor speed leads to more oil injected by the discharge valves. It is interesting to see that the distribution of
OCR in droplets and in film is very different from the distribution of oil retention. OCR is mainly contributed by oil
droplets because oil droplets travel in a much higher speed than oil film does. For OCR, both mass and velocity need
to be taken into consideration, which means fast-moving oil droplets can contribute more than slow moving oil film
even though they are minority by mass. Similarly, Figure 11(b) shows that the OCR measured by video can be
comparable with OCR measured by sampling in an acceptable accuracy.
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(b)

(a)

Figure 11: (a) Oil retention contributed by oil film or oil droplets in the discharge tube (b) Oil retention in the
discharge tube under different vapor superficial velocity (u vs) measured by both video and sample
The effect of the oil sump becomes essential when it comes to OCR. Compressor without oil sump cannot hold a lot
of oil in the compressor so that higher compressor speed tends to increase the OCR in the system dramatically. The
different trends in Figure 10(b) and Figure 11(b) clearly show that compressor without oil sump generates a much
higher OCR than compressor with oil sump.

SUMMARY
This paper provides a validated non-invasive method to measure the oil retention and OCR at the compressor
discharge tube. The video processing method can give more information, like the oil droplet velocity and size, than
the traditional sampling method. Furthermore, the visualization method can be applied to any similar annular-mist
multiphase flow in order to quantify the flow parameters.
The distribution of the oil in the annular-mist flow at the compressor discharge is researched at different gas
superficial velocity and different compressor types. In the compressor discharge tube, most of the mass is in the
form of oil film while most of the mass flow rate is in the form of oil droplets. Velocity difference between the
refrigerant vapor core, the oil droplets and the oil film causes the distribution difference of oil retention or OCR. In
order to eliminate the oil circulating in the system, it is important to separate oil droplets travelling in the refrigerantoil mixture annular-mist flow at the compressor discharge.

REFERENCES
DeAngelis, J., & Hrnjak, P. S. (2005). Development of transcritical R744 systems for small commercial
applications. In Pre-prints of the IIR International Conference on Commercial Refrigeration, Vicenza, Italy (p.
167e178).
DeAngelis, J. M., & Hrnjak, P. S. (2005). Experimental Study of System Performance Improvements in
Transcritical R744 Systems with Applications to Bottle Coolers, ACRC Contract Report CR-57, University of
Illinois at Urbana-Champaign.
Fukuta, M., Yanagisawa, T., Miyamura, S., & Ogi, Y. (2004). Concentration measurement of
refrigerant/refrigeration oil mixture by refractive index. International journal of refrigeration, 27(4), 346-352.
Hrnjak, P., & Kim, S. (2013, July). Oil Effects on In-Tube Evaporation of CO2 by Altering Flow Regime and
Properties. In ASME 2013 Heat Transfer Summer Conference collocated with the ASME 2013 7th International
Conference on Energy Sustainability and the ASME 2013 11th International Conference on Fuel Cell Science,
Engineering and Technology (pp. V002T04A012-V002T04A012). American Society of Mechanical Engineers.

23rd International Compressor Engineering Conference at Purdue, July 11-14, 2016

1612, Page 10
Hurlburt, E. T., & Newell, T. A. (2000). Prediction of the circumferential film thickness distribution in horizontal
annular gas-liquid flow. Journal of fluids engineering, 122(2), 396-402.
Kim, S., & Hrnjak, P. S. (2012). Effect of oil on flow boiling heat transfer and flow patterns of CO2 in 11.2 mm
horizontal smooth and enhanced tube.
Koh, K. U., Kim, J. Y., & Lee, S. Y. (2001). Determination of in-focus criteria and depth of field in image
processing of spray particles.Atomization and Sprays, 11(4).
Li, H., & Hrnjak, P. (2014). Lubricant Effect on Performance of R134a MAC Microchannel Evaporators (No. 201401-0692). SAE Technical Paper.
Li, H., & Hrnjak, P. (2015). An experimentally validated model for microchannel heat exchanger incorporating
lubricant effect. International Journal of Refrigeration, 59, 259-268.
McMullan, J. T., Hewitt, N. J., Masson, A. J., & Murphy, N. E. (1992). The influence of oil viscosity and refrigerant
quality on evaporator performance. International journal of energy research, 16(7), 567-581.
Nidegger, E., Thome, J. R., & Favrat, D. (1997). Flow boiling and pressure drop measurements for R-134a/oil
mixtures Part 1: evaporation in a microfin tube. HVAC&R Research, 3(1), 38-53.
Peuker, S., & Hrnjak, P. S. (2010). Experimental Techniques to Determine Oil Distribution in Automotive A/C
Systems. International Refrigeration and Air Conditioning Conference. Paper 1011
Shedd, T. A., & Newell, T. A. (1998). Automated optical liquid film thickness measurement method.Review of
Scientific Instruments, 69(12), 4205-4213.
Toyama, T., Matsuura, H., & Yoshida, Y. (2006). Visual techniques to quantify behavior of oil droplets in a scroll
compressor. International Refrigeration and Air Conditioning Conference. Paper 2787
Wada, A., Nomura, M., Tsuboi, K., Kutsuna, K., & Nabeta, T. (1992). A novel approach to instrumentation and
application for OCR measurement in refrigeration system. International Refrigeration and Air Conditioning Conference.
Paper 840

Wujek, S., & Hrnjak, P. (2011). Mist to Annular Flow Development Quantified by Novel Video Analysis Methods.
ACRC Technical Report TR-285, University of Illinois at Urbana-Champaign.
Xiao, J., & Hrnjak, P. (2015). Condensation in Horizontal Smooth Round Tube. ACRC Technical Report TR-321,
University of Illinois at Urbana-Champaign.
Xu, J., & Hrnjak, P. (2016). Refrigerant-Oil Flow at the Compressor Discharge (No. 2016-01-0247). SAE Technical
Paper.
Xu, J. (2016). Oil Flow from Compressor Valve to Discharge Tube. Master Thesis, University of Illinois at UrbanaChampaign.
Zimmermann, A. J. P., & Hrnjak, P. S. (2014). Visualization of the Opening Process of a Discharge Reed Valve in
the Presence of Oil. International Refrigeration and Air Conditioning Conference. Paper 1569.
Zimmermann, A. J., & Hrnjak, P. S. (2015). Oil flow at discharge valve in a scroll compressor. Proceedings of the
Institution of Mechanical Engineers, Part E: Journal of Process Mechanical Engineering, 229(2), 104-113.
Zürcher, O., Thome, J. R., & Favrat, D. (1998). In-tube flow boiling of R-407C and R-407C/Oil Mixtures Part II:
Plain tube results and predictions. HVAC&R Research, 4(4), 373-399.

ACKNOWLEDGEMENT
The authors would like to acknowledge the support of the member companies of the Industrial Advisory Board for
the Air Conditioning and Refrigeration Center at the University of Illinois through ACRC project 341.

23rd International Compressor Engineering Conference at Purdue, July 11-14, 2016

